Chromatin assembly factor-1 (CAF-1), a protein complex consisting of three subunits, p150, p60, and p48 
INTRODUCTION
In the nucleus, DNA is packaged into a nucleoprotein structure known as chromatin. The basic repeating unit of chromatin, the nucleosome, consists of approximately two turns of DNA wrapped around an octamer of core histone proteins. Classical activators contain distinct activation domains and functions through the interaction either directly or indirectly of nuclear proteins with components of the basal transcription machinery. On the other hand, alterations in chromatin structure through the acetylation of core histones have been thought to be of fundamental importance in numerous DNA-utilizing processes [1] [2] . The acetylation and deacetylation of core histones are catalyzed by HATs and HDACs, respectively. A number of HATs, HDACs, and CAF-1 have been identified in the past several years [3] . These findings led us to expect that the members of the HAT and HDAC families play individual, particular roles, and then participate in combination with one another in the processes of acetylation and/or deacetylation of core histones for the regulation of numerous cell functions.
Chromatin assembly factor-1 (CAF-1) was originally purified from human cells as a factor to promote de novo chromatin assembly on replicating SV40 DNA in the presence of a cytosol replication system [4] [5] . CAF-1 is a complex of three polypeptides of 48 kDa (p48), 60 kDa (p60) and 150 kDa (p150) [6] . During DNA replication, CAF-1 assembles new nucleosomes through a two-step reaction [7] [8] . As the first step, coupled to DNA replication, acetylated histones H3 and H4 are deposited through a reaction that is dependent upon CAF-1, but histones H2A and H2B are added later to this immature nucleosome precursor, even in the absence of CAF-1 [6, 9] . These results indicate that CAF-1 interacts preferentially with newly synthesized, acetylated forms of H3 and H4, whereas NAP-1 binds to H2A and H2B [8, 10] .
The p48 subunit (p48) of CAF-1, with seven WD (Trp-Asp) repeat motifs, is a member of the WD protein family and is originally characterized as an Rb-binding protein (RbAp48) [11] . However, p48 is not present in stoichiometric amount in the purified CAF-1 complex but large amounts of it are present in nuclear extracts other than the CAF-1 complex [12] . Consistent with these findings, in recent year's knowledge concerning the characteristics of p48 has been rapidly accumulated in various histone metabolizing processes. For instance, p48 was reported as a polypeptide that is tightly associated with the catalytic subunit of human histone deacetylase-1 (HDAC-1) [13] , and also shown to be contained in divergent large complexes involved in the transcriptional repression, chromatin disruption, chromatin remodeling, and histone acetylation and deacetylation [14] [15] .
Recently, we proposed a model for the in vitro interaction of p48 with HDAC [16] . As in most of WD protein family members, the WD repeat motifs of p48 should form a ß-propeller structure, wherein each of the seven "blades" contains the amino acid residues of one WD repeat unit, and probably function as a common platform for protein-protein interactions involved in chromatin metabolism. At least two N-terminal WD repeats and two C-terminal WD repeats, respectively, are predominantly involved in maintenance of the propeller structure.
In this study we demonstrated the immunoprecipitation and complementation experiments, involving truncated and missense p48 mutant proteins as to the seven WD dipeptide motifs, revealed that all of them, in addition to both the 1-32 N-terminal and 406-420 C-terminal sequences, are essential for the viability of DT40 chicken B cell line.
EXPERIMENTAL SECTION

Materials
The pCite-4a and pApuro plasmids and Single Tube Protein 
Procedure
Gene Constructs
Using the chicken p48 cDNA as a probe [16] , the genomic DNA clone specific for p48 was isolated on the screening of a DT40 genomic DNA library in a Lambda FIX II as described [17] . The organization of the p48 genomic gene obtained was determined by the PCR and partial sequencing. For the in vitro translation, the FLAGtagged full length and double missense mutations of p48 cDNA was generated by the PCR amplification, using Pfu turbo (Stratagene), and then inserted into pCite-4a (Novagen). Various 5' and 3'-truncated fragments of p48 cDNA were generated by PCR, and cloned into pCite-4a plasmid. For the complementation assay, DNA fragments containing FLAG-tagged p48 sequence and its derivatives were inserted into pApuro plasmid, carrying chicken ß-actin promoter at the upstream of the cloning site and a marker gene, puro-resistant gene driven by SV40 promoter at the downstream. All gene constructs were verified by sequencing using Big dye terminater (Applied Biosystems Division, Perkin Elmer). 
Production of [
Immunoprecipitation experiment
The in vitro immunoprecipitation experiment was performed with 5 L of [ 35 S]-labeled FLAG-tagged p48, its derivatives and FLAG-tagged ASF-1, HDAC1, histone H4, CAF-1p60, and CAF-1p150 proteins in 200 L of bead-binding buffer (50 mM potassium phosphate buffer, pH 7.5, 450 mM KCl, 10 mM MgCl 2 , 10% glycerol, 1% Triton X-100, and 1% BSA). After standing for 60 min, 20 L of the reaction mixture was removed as an input sample, and the remaining mixture was added to 20 L of anti-HA beads (Santa Cruz, Biotech. Inc.) or anti-FLAG M2 beads (Eastman Kodak Co.), followed by gentle rotation for 60 min at 4°C. The affinity beads were collected by centrifugation at 9,500 X g for 10 sec, and then washed with 1 mL of the bead-binding buffer containing 0.1% 4-(2-aminoethyl)-benzosulfonyl fluoride (AEBSF) three times. The beads were suspended in 30 L of 2X SDS sample buffer and then boiled for 5 min. Aliquots (15 L) of the resultant eluates were analyzed by 10 or 12% SDS-PAGE, and then the gels were washed with a fluorographic reagent (Amersham Bioscience), dried, and subjected to fluorography.
Western blotting
Cells ( 5X10 6 ) were lysed in 200 µL of SDS buffer, and then aliquots (20 µl) of the resultant cell extracts were separated by 7.5% SDS-PAGE, followed by electro-blotting onto a nitrocellulose membrane filter as In vitro interaction of Flag-chCAF-1p48 and its truncated mutant proteins with histone deacetylase 1 (HDAC-1), histone H4, and CAF-1p60 described [16, 18] .
Cell Growth and Complementation Assay
To determine the ability of p48 and its derivatives to rescue for the tet-induced lethality of the p48-deficient cells, a complementation assay was carried out as described [19] . To examine the growth of the p48-deficient cells expressing FLAG-tagged p48 and its derivatives, puro-resistant colonies were expanded, and then clones, which expressed almost equally FLAGtagged proteins, were selected by Western blotting involving anti-FLAG antibody (Santa Cruz, Biotech. Inc.). These established cells were examined for their growth ability in the presence or absence of tetracycline at indicated time.
RESULT AND DISCUSSION
To determine the region(s) and/or motif(s) of p48 for its binding ability to chromatin-related proteins, HDAC-1, histone H4 and CAF-1p60 (p60), we employed the in vitro coimmunoprecipitation assays, involving the constructed mutant derivatives of p48. [ 35 S]-labeled HDAC-1, histone H4 and p60, which had been translated in vitro, respectively, were incubated with the in vitro translated [ 35 S]-labeled FLAG-tagged p48 and its mutant derivatives, followed by immunoprecipitation with anti-FLAG antibody-coupled beads. As shown in Fig 1, the parental p48 bound to all of HDAC-1, histone H4 and p60, and these results were consistent with those obtained by using different assay systems [6, 17] , whereas chp46 could bind to H4 but not to p60 (data not shown). Results obtained for the binding of p48 to HDAC-1 revealed that both 1-32 N-terminal and 376-405 C-terminal regions of p48 were necessary (Fig 1A) , and these findings were somewhat distinct from our previous result, in which these regions were not required for its in vitro binding activity [16] . This difference should be due to influence(s) of GST-tag and/or an abnormal folding of purified GST-HDAC fusion protein, since we used previously the in vitro GST pulldown affinity assay, wherein the fusion protein was purified from bacteria. Moreover, Ala substitutions as to first, second and seventh WD dipeptide motifs did not affect on the interaction of p48 with HDAC-1 but the remaining substitution mutations (as to third to sixth motifs) disrupted the interaction completely. In the case of the binding of p48 to histone H4, deletions of 1-32 N-terminal amino acids and 406-425 C-terminal amino acids, respectively, abolished its association with H4, indicating the necessity of the N-terminal and C-terminal regions (Fig 1B) . On the other hand, CAF-1p60 was also known to carry five WD motifs, and its association with p48 was thought to be mediated through the interaction between the structures of WD repeat motifs of p48 and those of p60 each other [9] . Consistent with this idea, our mutation analyses showed that all of the mutations as to seven WD dipeptide motifs of p48 abolished its binding activity to p60 (Fig 1C) .
These results indicated that p48 interacts mainly with these three proteins through central core ß-propeller structure and mediated differentially by portions of N-terminal and/or C-terminal tails. The requirement of ß-propeller structure was less stringent for it's binding to HDAC1, but more stringent for its binding to both histones H4 and CAF-1p60, indicating that the proper ß-propeller structure of p48 is essential for the binding to these two proteins.
Another immunoprecipitation experiment also revealed that CAF-1p48 and CAF-1p150 not binds to Anti-Silencing Function 1 (ASF-1) although this protein binds to CAF-1p60 and HIRA proteins (Fig 2) . These results were similarly to those reported for yeast and human [21] [22] . ASF-1 was found to be a histone chaperones that modulates the formation of nucleosomes, the purified recombinant GST-ASF-1 converts the topology of the relaxed form of a plasmid into the supercoiled form in the presence of topoisomerase I and core histones in an apparently ATP-independent manner [23] .
Next, to determine the putative region(s) and/or motif(s) of p48 essential for the viability of DT40 cells in vivo, we constructed vectors, expressing C-terminal and N-terminal truncated mutants, and double missense mutants as to seven conserved WD dipeptide motifs, and then transfected p48-deficient mutant cells (p48-/-, HAp48) with these mutant constructs (Fig 3A) .
The complementation ability of these p48 mutant proteins was determined based on the number of surviving colonies in the presence of both tet and puro. The N-terminal truncated mutant, Fp48(33-425), together with other mutants (data not shown), exhibited no complementation ability, indicating that the region comprising amino acids 1-32 was necessary for cell viability. On the other hand, one C-terminal truncated mutant, Fp48(1-420), exhibited almost similar complementation ability toward the parental Fp48 construct. However, two other C-terminal truncated mutants, Fp48(1-405) and Fp48(1-375), exhibited no complementation ability. These findings indicated that the region comprising amino acids 406-420 was also necessary for the viability of DT40 chicken B cell line.
All of WD double missense mutants, Fp48(FD2AA), Fp48(WD3AA), Fp48(WD4AA), Fp48(WD5AA), Fp48(WD6AA) and Fp48(WN7AA), except of Fp48-(FD1AA), exhibited no complementation ability. To examine the possible requirement of the first WD (FD) dipeptide motif on cell growth, we next established the stable transformant with the FD1AA mutation, together with those of other WD mutations and truncated mutations, by introducing them into mutant cells (p48-/-, HAp48). Next, we examined growth properties of p48-conditional knockout cells. In the absence of tet (-tet), the growth curves of the three mutants cells were similar to that of wild-type DT40 cells. However, after the addition of tet (+tet), p48-conditional knockout and three mutants cells began to growth slowly at 24 h.
Fig 2.
In vitro interaction of chCAF-1p48 and another histones chaperone with chromatin related proteins Anti-silencing factor 1 (ASF-1)
Fig 3.
Complementation ability and growth curves of mutant cells (p48-/-, HAp48) was displayed as a colony formation ability in the presence of both tet plus puro after transfection with expression vectors encoding FLAG-p48 and its derivatives In addition, dead cells occurred at 72 h, and finally, almost all of the cells were dead by 96 h (Fig 3B) , although all of transformants obtained expressed appropriate FLAG-tagged mutant proteins at almost same levels (Fig 3C) . These results indicated that all of seven WD dipeptide motifs, including the first one, were essential for the cell viability and growth in DT40 chicken B cell line.
As illustrated in Fig 4, during DNA replication, CAF-1 containing p48 subunit assembles new nucleosomes through a two-step reaction. Coupled to DNA replication, as the first step, histones H3 and H4 are deposited through a reaction that is preferentially dependent upon CAF-1, but histones H2A and H2B are added later to this immature nucleosome precursor, even in the absence of CAF-1. These results indicate that CAF-1 interacts preferentially with H3 and H4, whereas NAP-1 (Nucleosome Assembly Protein 1) binds to H2A and H2B. On the other hand, ASF-1 was found to be a histone chaperones via interacts with CAF-1p60 and HIRA proteins that modulate the formation of nucleosomes.
Thus, these CAF-1-participating interactions with HIRA and HDAC-1 (and probably other CAF-1-carrying complexes including ASF-1) should be involved directly or indirectly in chromatin assembly or maintenance and alterations of chromatin structure, involving gene replication and transcription to the maintenance and support of the cell viability. On the other hand, the ASF-1 activity suggested regulates the semi-conservative replication of nucleosomes in mammalian cells [24] . Our preliminary analysis of the HIRA-deficient conditional DT40 mutant and the essential role of HIRA protein in transcriptional regulation [25] [26] , together with the AFS-1 conditional mutant cells [27] [28] , will be of powerful tools for understanding the role of CAF-1 and the other histones chaperones in relation to DNA replication and transcription regulations to the maintenance and support of the cell viability and growth in DT40 chicken B cell line.
CONCLUSION
Through the work presented in this paper, we studied functional analyses of CAF-1, and demonstrated not only that chCAF-1p48 binds to HDAC-1, histone H4, and chCAF-1p60, but also WD dipeptide motifs in the chCAF-1p48 are necessary for interaction with these proteins. Based on the results obtained for chCAF-1p48 in this study, we propose a molecular basis for the role of p48 subunit for the viability of DT40 cells. The fundamental function of the core regions should be to interact with other core regions to provide a scaffold on which to display the surface specializations, although that of the variable regions may be preferentially involved in protein-protein interactions relative to the maintenance of the proper structure to support the viability and growth of the chicken DT40 B-cell lymphoma cells line (and probably vertebrate cells).
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